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A PRELIMINARY FLIGHT INVESTIGATION OF THE EFFECTS OF
VORTEX GENERATORS ON SEPARATION DUE TO SEOCK

By Lindsay J. Llna and Wilmer H. Reed, III
SUMMARY

A preliminsry investigetlion was made of an slrplane in flight to
determine the effectiveness of vortex generators In preventing separstion
due to compressibllity shock at full-scale Reynoldc numbers. Several
arrangements of vortex generators were tested at 10 and 30 percent chord
on the upper surface between 4l end 61 percent semispan on & wing of an
F-51D airplane. The wing contour over this portion of the span was
modified for other tests and indicated earlier flow separetion than the
original contour. The vortex generetors, consisting of small alrfoils
of rectangular plan form mounted normel to the surface, were arranged
in a spanwise row and set at an angle of attack of about 15°, so as to
produce a system of vortices for the purpose of increasing the transfer
of momentum Into the turbulent boundary layer. The effectiveness of the
generators was determined at supercritical speeds (Mach numbers 0.7l to
0.77) and over a renge of 1ift coefficients from measurements of chord-
wise pressure distributions and from boundary-layer measurements maede
at the tralling edge.

The results of the tests indicated that all the arrangements of
vortex generstors tested delayed seperation to higher Mach numbers or
1ift coefficlents. The vortex generators mounted at both 10 and 30 per-
cent chord however were considerably more effective than vortex gener-
ators at 10 percent chord and delayed separation at a Mach number of
0.745 beyond a 1ift coefficient of 0.53, and the 1ift coefficlent at a
glven value of integrated total-head loss was increased as much as 0.35
above that for the baslic configuration. A single row of vortex gener-
ators at 30 percent chord was about as effective as vortex generstors
mounted at both 10 and 30 percent chord for the range of flight condi-
tions at which comparisons could be made. With adlacent vortex gener-
ators arranged to produce vortices rotating in opposite directlons, the
results were somewhat more favorable than with the vortex generstors
arranged to produce vortices 1n the same dlirection.

More extensive lnvestigatlons are required for the determination of
the optimum arrangement of vortex generators.
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INTRODUCTION

In the Investigations of references 1 to 5, vortex generators were
found to be effective in reducing or eliminating separstion of turbulent
boundary layers on wings and in diffusers at subsonic speeds. The vortex
generators used 1n these investigations consisted of small airfoils
mounted normal to the surface ahead of the region of separatiomn. An
application of vortex generators to flow at transonic speeds in refer-
ence 6 indicated that separation due to compressibility shock could also
be reduced or eliminated. The implication of these results, perticularly
for alrplanes at transonic speeds, is obvlous since separation affects
maxlmum 11ft, stabllity, and trim. B8Since the problem of buffeting is
recognized as being mssociated with intermittent separation and reattach-
ment of the boundary layer, 1t seems possible thet buffeting may be
reduced by the use of vortex generators. Inasmuch as the Reynolds number
of the tests of reference 6 was low, a preliminary flight investigation
reported herein was undertaken In order to determlne whether vortex
generators were also effective at full-scale Reynolds number. The tests
were made on an F-51D airplane at critical speeds and over a range of
11ift coefficlents. The tests included several arrangements of vortex
generators mounted on the upper surface of one wing and over only a
portion of the span., The effectiveness of the generators was determined
from pressure dlstributions over part of the wing chord and boundary-
layer surveys at the trailing edge.

SYMBOLS

airplane 1lift coefficlent e e e e
wing chord (74.5 in. at test station)

Mach number -

total-pressure loss

free-stream impact pressure

distence along chord from leading edge

< x oA 55 2 o é?

distance above surface
Subscripts: '

o free stream

8 edge of houndary layer

S
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APPARATUS AND TESTS

The vortex generators used 1n this investigetion were small alrfolls
of rectangular plan form having chords of 1/2 inch and 1 inch and spane
of 1/4 inch, 1/2 inch, and 3/4 inch. The generators were made of strips
of steel and flled to airfoil sections approximating Clerk Y and bilconvex
sectlions, BSeveral arrangements of vortex generators were tested. The
generstors were spaced 2 inches center to center in a spanwise direction
end extended from U4 to 61 percent semispen at 10 percent, 30 percent,
end st btoth 10 and 30 percent chord on the upper surface of the left wing
of the F-51D sirplane. For the 10-percent-chord location the generators,
having epproximate Clark-Y sections, were welded to & steel strip
1/16 inch thick which was fastened to the surface with flush screws.

The steel strip was falred into the surface over a chordwlise distance

of about 8 inches. At the 30-percent-chord location the generators,
having approximste blconvex sections, were welded to flush-mounted flat-
heed screws. The generators were set at an angle of attack of 15° to
produce vortices rotating in the same direction (co-rotating) or so that
adlJacent generstors produced vortices rotating In opposite directions
(counterroteting). An arrangement of generators at 10 percent chord ie
shown in figure 1. Detalls of all the arrangements of vortex generstors
are given in table I and sketched 1n figure 2.

The portion of the wing span over which the vortex generators were
tested had a modified elrfoll sectlon described in reference T as con-
tour B. Since the mounting plate for the generators at 10 percent chord
was Taired into the surface, thls falring or bump was retained for tests
of the basic sectlon without the generators.

Static~-pressure measurements were made along the upper surface of the
wing with flush orifices between 17 and 68 percent chord. The static
pressure at the tralling edge was obtained with a tube located. sbout
1/8 inch ebove the wing surface with the stetic holes sbout 1/8 inch
forward of the tralling edge. Total pressure through s portion of the
boundary lsyer of the upper surface was measured by a rake of total-
pressure tubes extending about 3 lnches above the surface and located
at the tralling edge of the wing at the center line of the arrangement
of vortex generetors. The rake 1s shown mounted on the trailing edge in
figures 1 end 3. The free-stream total and stetic pressures were meas-
ured by means of a pltot-static head mounted on a wing boom. The posi-
tion error of this installation had previocusly been determined.

The tests were made in dives from an altitude of 28,000 feet to

about 20,000 feet. Pressures were continuously recorded from a Mach
number of about 0.7l to ebout 0.77 in the dive and through the pull-out.



L solmEEn FKACA RM L50J02
RESULTS AND DISCUSSION

Some results of the chordwise-pressure-distribution messurements
for the basic configuration and the configurations with counterrotating
vortex generators at 10 and 30 percent chord are presented in figures L
to 6 1n terms of chordwise variation of Mach number outside of the
boundary layer, Mg, for several free-stream Mach numbers and airplane
11ft coefficients. These were the only chordwlise pressure distributions
that were evaluated. The values of Mg were computed using free-stream
total pressure and static pressure at the surface. Results of the
boundary-layer measurements at the trailing edge are given in figures 7T
to 10 as distribution of Mach number through the lower portion of the
boundary layer and in figures 11 to 13 as distribution of the ratio of
total-pressure loss to free-stream impact pressure, APt/‘lc: through the

boundary layer for an ailrplane lift coefficient of 0.17 and several Mach
mmbers and for a constant Mach number of 0.'_711-5 and several wvalues of
alrplene 1lift coefficilent.

The chordwlise dlstribution of Mg for the basic confilguration
(fig. 4) did not apprecisbly differ from that of contour B in refer-
ence T, indicating that the fairing added at 10 percent chord had no
apparent effect on the flow behind this statlion. As the free-stream
Mach nurber and airplane 1ift coefficlent were Increased to values from
0.736 to 0.75 and from 0.11 to 0,17, respectively, the position of com-
pressibility shock rapidly moved forward about 10 percent of the chord
and separated flow occurred behind the shock, as 18 indicated by the
higher Mach mumbers near the tralling edge and also by the bounddry-layer
characteristics in figures T and 11l. With a single row of counterrotating
vortex generators at 10 percent chord, the chordwise distribution of Mg
(fig. 5) was similar to that for the basic configuration except that the
forward movement of the shock and flow separation were delayed to higher
airplane 1ift coefficients (also see figs. 8 and 12). Since the other
arrangements of vortex gemerators st 10 percent chord (Nos. 2 and 3) had
8imilar boundary-layer characteristics, they are not presented, For
counterrotating generators at 30 percent of the chord (No. 5), the chord~
wise distribution of Mg was considerably modified. In addition to the
main shock et sbout 54 percent chord, several smaller shocks are apparent
in figure 6, associlated perhaps with locel flow disturbance due to the
vortex generators. The position of the maln shock appears to be practi-
cally fixed at about 54 percent chord for the flight conditions of the
tests. The boundary-layer characteristics in figures 9 and 13 show that
there 1s no separation up to a Mach number of 0.T45 and a 1lift coeffi-
cient of 0.35. This was the highest Cy, obtained at M, = 0,745 for

this configuration; however, a lift coefficilent. of 0,54 at Mg = 0.T45
was obtained when testing vortex generators located at both 10 and
30 percent chord (No. I). A comparison between configurations 4 and 5

W
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cannot be drawn at Cr, = 0.5k, but 1t 1s interesting to note (fig. 10)
that the distribution of Mach number through the boundary leyer for
configuration 4 gives no indication of separation. The boundary-leyer
characteristics for the co-roteting configuration at 30 percent chord
(No. 6) are similar to those for configurations 4 and 5 and are there-
fore not presented.

The relative effectiveness of all of the arrangements of vortex
generators is indicated qualitatively in figures 1k to 16 by comperisons
of the ratio of total-pressure loss to free-stream Impact pressure
integrated over the height of the survey rake. The rake was not large
"enough to survey completely the wake; therefore, the integrated areas
can only be used as a qualitative indicatlion of totel-head loss 1n the
wake. A greater percentage of the total-head loss was measured in the
case of a small loss than in the case of a large total-head loss. The
Integrated srea tended to spproach a maximum value and remsin constsent
vhen the flow was separated. Results are plotted for comstant 1lift
coefficient and varying Mech number and for constant Mach number and
varylng 1ift coefficient in each flgure. The test polnts for which the
boundary layer was definitely separated at ‘the tralling edge are indi-

cated by talls. It 1s believed that separation mey have started at
lower values of Mach number and 1lift coefficient than 1s 1ndicated in
the figures.

. The effects of vortex generator size and/or spacing at 10 percent
chord are illustrated in figure 1., The double row of vortex gener-
ators (No. 3) at 10 percent chord resulted in the greatest reduction of
total-pressure loss., The single row of the largest vortex generators
(No. 2) showed some tendency toward a greater reduction of total-pressure
loss at 11ft coefficlents above about 0.30, but the tests of that con-
figuration d1d not cover & range of 1lift coefficients sufficient to make
the data conclusive,

A change of chordwise location of the vortex generators from 10 to
30 percent chord (fig. 15) showed a greater reduction of total-pressure
‘loss than that produced by changes in size or spacing at 10 percent .
chord., A single row of vortex generstors at 30 percent chord was about
a8 effective as vortex generstors mounted at both 10 and 30 percent chord
for the range of flight conditions at which comparisons could be made.
The results In figure 15 show that with the generators at 30 percent
chord, separation due to shock was delayed beyond e 1lift coefficient
of 0.35 at a Mach number of 0,745 and the 1ift coefficlent at a glven
value of Integrated total-head loss was increased about 0.2 above that
for the basic configurstion. Vortex generators at both 10 and 30 per-
cent chord delayed separation due to shock beyond a 11ft coefficlent
of 0.53 at Mg = 0.T745 and the 1ift coefficient at a given value of
integrated total-heed loss was increased as much as 0.35 above that for
the basic configuration.
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The comparlsons in figure 15 show that the counterrotating arrange-
ment of vortex generators at 30 percent chord was slightly more effective
than the co-rotating earrangement. -

CONCLUDIRG REMARKS

The results of the investigation indicated that all the arrangements
of vortex generators tested delayed separation to higher Mach numbers or
1ift coefficlents. The vortex generators mounted at both 10 and 30 per-
cent chord, however, were consideresbly more effective than vortex gener-
ators at 10 percent chord and delayed separstion at a Mach number of 0.Ti5
beyond a 1ift coefficlent of 0.53, and the 11ft coefficient at a given
value of integrated total-head loss was increased as much as 0,35 above
that for the basic configuration. A single row of vortex generators at
30 percent chord was about as effective as vortex generators mounted at
both 10 and 30 percent chord for the range of flight conditions at which
comparisons could be made. With adlacent vortex generators arranged to
produce vortices rotating in opposite directions, the results were some-
what more favoreble than with the vortex generators arranged to produce
vortices rotating in the same direction. T -

More extenslve investigastions will be required for the determination
~ of the optimum arrangement of vortex generators.

Langley Aeromasutical Laboratory
Netional Advisory Commlittee for Aeronautics
Langley Alr Force Base, Va.
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TABLE I.- VORTEX~GERERATOR CONFIGURATIONS
Chordwise
Configu-| ¢ tex location |Numbep |[APProximate Semispan | Chord Mauxionm
ration airfoil thickness
number | Fotation |on eirplanelof rows| . - (in.) (in.) (1n.)
) (percent) (a) ’
1 Counter- 10 1 Clark Y 0.50 0.50 0.06
rotating
2 Counter- 10 1 Clark Y i) 1.00 12
rotating
3 Counter- 10 2 Clark Y Forwvard row| .50 .06
rotating 25
Aft row
.50
)} Counter- 10 2 Clark ¥ [PForward row| .50 .06
rotating 25
ATt row
. «50
30 1 Biconvex 50 .50 .06
5 Counter- 30 1 Biconvex .50 .50 .06
rotating
6 Co-roteting 30 1 . | Biconvex .50 .50 .06

8%emispan measured from the tip to the surface of the airplane wing, W



Fisure 1--

F<51D airplane with pressure rake at trailing edge and vortex
generators shown pourted at 10 percent chord,
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Figure 2.- Arrangements of vortex generators tested in flight. Vortex
generators are drawn to m larger scale than the airplene wing. All
dimensions are in inchesn.
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Figure 3.- Total-pressure rake and statlic-pressure tube at trailing edge
of the wing. &
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Figure 4.~ Distribution of Mg on upper surface of wing for three
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configuration,
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(a) cCg, = 0.17.

(b) Mgy = 0.7h5.

Flgure T.- Varliation of Mach number through the lower portion of the
boundary layer at the tralling edge. Basic configuration.
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(a) cp, = 0.1T.
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(b) Mg = O.Th5.

Figure 8.- Variation of Mach number through the lower portion of the
boundary layer at the tralling edge. Vortex-generator configura-
tion number 1. Single row of counterrotating generators located
at 10 percent chord. )
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(b) Mg = 0.ThS.

Flgure 9.- Variation of Mach number through the lower portion of the
boundary layer at the trallihg edge. Vortex-generator conflgura-
tion number 5. 8Single row of counterroteting vortex generators
located at 30 percent chord.



NACA RM L50J02 ’ v Y 21

o 005 .05 05 020 o055 .030 035 040 045

0 1 L 1 1 | L I 1 I

o 005 o0 05 020 025 .00 .05 .40 045
Y
() Mg = 0.745.
Figure 10.- Variastlion of Mach ‘mumber through the boundary layer at the
trailing edge. Vortex-generator configuration nmumber 4. Counter-

rotating double row of vortex generators at 10 percent chord and
counterrotating single row of vortex generators st 30 percent chord.
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Figure. 1ll.- Varlation through part of the wake at the traeiling edge.
of the ratio of total-head loss to free-gtream impact pressure.
Basic configuration. -
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Figure 1ll.- Concluded.
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Figure 12.- Variation through part of the wake et the trailing edge of the
ratio of total-head loss to free-stream Impact pressure. Vortex

generator number 1. Single row of counterrotating generators located
at 10 percent chord.
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FPigure 12.- Concluded.
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Figure 13.- Variation through part of the wake at the tralling edge of the
ratio of totel-head loss to free-stream lmpact pressure. Vortex
generator number 5. Single row of counterrotating vortex generators
located at 30 percent chord.
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Figure 13.-~ Concluded.
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(b) My = 0.745.

Figure 1lh4.- Compasrisons of the effects of various configurations of
counterrotating vortex generators located at 10 percent chord on
the integrated total-head loss at the trailing edge. Talled
polnte Indicate flow was separsted at the traliling edge.
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Figure 15.- Comparisons of the effects of chordwise location of counter-
rotating vortex generators on the integrated total-heed loss at the
trailing edge. Talled points indicate flow was separated at the

tralling edge.



30 L NACA RM L50J02

05 Basic Configurafron
04 -
SIS
¢
X 03 F
Co- Rotatn
?lb& (WNo.6) 7
T g0zt
\8_ fins ~{]
o g 2NG
ol O - g Counter- Kotols
L=~ (No.5)
0 I | | ) I 1 I
Jq0 71 72 73 74 75 76 17
Mo
(a) Cp = 0.1T7.
05 Basic Configuration
04 - ,/6
Jjos Co- Fofaling
%. (No.6)
a 03 ’ ,E
N l“"' ;VQ,//\-
2 L. ’ /E] .
P § .0 s - Counfer - Rofoling
\' il {No. 5)
Ol -
KA
\ l ! | L I !
0 (0] ! 2 3 4 5 6 7
. Co
(b) Mg = 0.7L5.

Figure 16.- Comparison of counterrotating and co-rotating vortex
generators located at 30 percent chord on the integrated total-
head loss at the tralling edge. Talled test points indicate
flow was separated et the trailing edge.
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